Abstract In the cochlea, Reissner's membrane separates the scala media endolymphatic compartment that sustains the positive endocochlear potential and ion composition necessary for sound transduction, from the scala vestibuli perilymphatic compartment. It is known that with sustained elevated sound levels, adenosine 5 -triphosphate (ATP) is released into the endolymph and ATP-gated ion channels on the epithelial cells lining the endolymphatic compartment shunt the electrochemical driving force, contributing to protective purinergic hearing adaptation. This study characterises the properties of epithelial cell P2X 2 -type ATP-activated membrane conductance in the mouse Reissner's membrane, which forms a substantial fraction of the scale media surface. The cells were found to express two isoforms (a and b) of the P2X 2 subunit arising from alternative splicing of the messenger RNA (mRNA) transcript that could contribute to the trimeric subunit assembly. The ATP-activated conductance demonstrated both immediate and delayed desensitisation consistent with incorporation of the combination of P2X 2 subunit isoforms. Activation by the ATP analogue 2meSATP had equipotency to ATP, whereas α,β-meATP and adenosine 5′-diphosphate (ADP) were ineffective. Positive allosteric modulation of the P2X 2 channels by protons was profound. This native conductance was blocked by the P2X 2 -selective blocker pyridoxalphosphate-6-azophenyl-2 ,4 -disulphonic acid (PPADS) and the conductance was absent in these cells isolated from mice null for the P2rX2 gene encoding the P2X 2 receptor subunit. The activation and desensitisation properties of the Reissner's membrane epithelial cell ATP-gated P2X 2 channels likely contribute to the sensitivity and kinetics of purinergic control of the electrochemical driving force for sound transduction invoked by noise exposure.
Introduction
P2X receptors are membrane ion channels activated by the binding of extracellular adenosine 5 -triphosphate (ATP). Seven P2X receptor subunits have been identified, which form either homomeric or heteromeric channels and give rise to a wide range of phenotypes dependent on the trimeric subunit assembly of the channel [1] [2] [3] . The functional classification of P2X receptors has usually been based on the time course and pharmacological profile to agonists and antagonists. Many recognised properties of P2X receptors are based on data from recombinant channels, expressed heterologously in either oocytes or mammalian cells (for review, see [4] ). However, in native cells, attribution of the functional molecular subtype has been more difficult, due to the potential for multiple P2X receptor subtypes to be expressed, including splice variants and a lack of selective pharmacological modulators for many of the P2X receptor subtypes. Molecular approaches, such as using knockout mice, antisense and interference RNA have been used to substantiate the role of particular P2X receptor subunits in native cell purinergic signalling phenotypes.
Given that P2X 2 -like receptor action dominates purinergic signalling in the cochlea (for reviews, see [5, 6] ), this sensory organ offers an excellent model to characterise the phenotype and molecular profile of native P2X 2 -type ATP-gated ion channels. In the cochlea, ATP influences sound transduction, the endocochlear potential and neurotransmission, and underlies an intrinsic purinergic P2X 2 receptor-based humoral hearing adaptation mechanism that reduces hearing sensitivity as sustained sound levels increase [7] . However, native ATPinduced responses in many cochlear cells have not correlated well with known recombinant P2X receptor combinations [8] [9] [10] [11] [12] [13] . This has been mainly attributed to heteromeric expression, with multiple P2X 2 splice variant combinations possible [14] [15] [16] , as demonstrated in rat primary auditory neurons expressing a novel P2X 2-3 / 3 heteromer [17] . Such has been the case for the P2X receptor in Reissner's membrane (RM), a two-cell-thick partition that separates the endolymphatic (high K + , low Na + ) and perilymphatic (high Na + , low K + ) fluid compartments. P2X 2 expression has been detected in guinea pig, rat and mouse RM, although electrophysiological recordings in guinea pig RM indicated additional subunits, assembling as heteromeric receptors [8] . P2X receptor in RM are considered to provide a current path between the endolymphatic and perilymphatic compartments in the cochlea, which would limit the driving force for sound transduction [6] .
We have previously reported that the ATP-gated conductance in the cochlear partition arising from a range of epithelial cells facing scala media (endolymphatic compartment) was absent in the P2rX2 null mouse [7] . Whole-cell patch clamp analysis showed that the sustained inward currents elicited by ATP application was absent from P2rX2 −/− inner and outer hair cells as well as RM epithelial cells, indicating that this conductance arose from a homomeric P2X 2 trimeric subunit configuration of the ATP-gated ion channels. Extending from this, the P2rX2 null mouse also lacked the extracellular fall in endocochlear potential and associated decrease in cochlear partition resistance that is evident when picolitres of ATP is injected into the endolymphatic compartment [7] . This finding suggests that all of the ATP-activated membrane conductance in cell lining that cochlear compartment is attributable to P2X 2 -type channels. P2rX2 null mice also had a distinct hearing phenotype, in which sustained elevation of sound levels failed to elicit the temporary reduction in hearing threshold (temporary threshold shift) which occurs with wild-type (WT) mice. With supra-physiological sound levels, P2rX2 null mouse developed permanent hearing loss. This P2X 2 receptor-based purinergic hearing adaptation therefore provides protection from noise-induced hearing loss [7] . Analysis of long-term moderate environmental noise exposure, or ageing, further indicated that the P2X 2 receptor-based hearing adaptation mechanism contributes to otoprotection across a lifetime [18] . These findings together indicate that P2X 2 receptors are the first stage in a purinergic hearing adaptation mechanism which provides autocrine and paracrine regulation of sound transduction and auditory neurotransmission. Given that several mutations in the P2rX2 gene encoding the P2X 2 receptor have now been shown to contribute to human hearing loss, including DFNA41 autosomal dominant progressive hearing loss [18, 19] and a mitochondrial (MELAS)-associated hearing disorder [20] , knowledge of P2X 2 receptor function has considerable health relevance. The above data highlight the importance of understanding the substrates of cochlear purinergic signalling, which could inform future otoprotective strategies. Here, we provide a characterisation of the native P2X 2 receptor type ATP-gated ion channels expressed by mouse cochlear Reissner's membrane epithelial cells. We show evidence for alternative splicing of the messenger RNA (mRNA) transcripts and show that these homomeric P2X 2 -type channels exhibit relatively fast desensitisation properties relative to the known kinetics of P2X 2 receptor subunits studied in heterologous expression systems.
Materials and methods

Animals
Experiments were performed on cochlear tissue obtained from 8-to10-week-old mice (C57BL/6J strain) euthanized by intraperitoneal injection of sodium pentobarbitone (100 mg/kg; Pentobarbital 300; National Veterinary Supplies Ltd., Auckland, New Zealand). P2rX2 null mice encoding the ATP-gated ion channel P2X 2 subunit (Roche Palo Alto, CA, USA; [21] ) provided a control for background membrane conductance. The P2rX2 null mouse colony founders were all genotyped using a DNeasy blood and tissue kit (QIAGEN, New Zealand) and previously described PCR primers [21] to confirm the absence of the P2rX2 gene (data not shown). All experiments were approved by the animal ethics committees of the University of Auckland (New Zealand) and the University of Cambridge (UK).
Reverse transcription-polymerase chain reaction RM was carefully microdissected in filtered artificial perilymph solution (in mM: NaCl, 150; KCl, 4; Na 2 HPO 4 , 8; NaH 2 PO 4 , 2; CaCl 2 , 1.5; MgCl 2 , 1; D-glucose, 10; pH 7.25 with NaOH; osmolarity, 320 mOsm/l) from the cochleae of 4 mice in three independent experiments (total of 12 mice). Whole cochlear tissue (two samples) was also evaluated. Total RNA was extracted from the whole cochlea and microdissected RM tissue samples using TRIzol™ Reagent. A sample of the artificial perilymph dissection solution was processed alongside as a control. First-strand complementary DNA (cDNA) synthesis was carried out using 5 μl total RNA as template in a 20-μl reverse transcription (RT) reaction using a SuperScript™ III First-Strand Synthesis SuperMix kit primed with random hexamers. Mouse P2X 2 receptor-specific primers were used to amplify P2X 2 cDNA; sense primer 5′-CGGGGTGGGCTCCTTTCTGT-3′; antisense primer 5′-GGACATGGTTACTGAAGAGCG-3′, corresponding to positions 1318 and 1816 bp of the P2X 2 cDNA mouse sequence (GenBank accession #NM153400) and resulting in a predicted 499 bp PCR product. Equivalent primers have been successfully used to detect P2X 2 cDNA splice variants in rat and guinea pig cochlear tissue [8, 17, 22] . A 25-μl PCR reaction contained 2 μl of the RT reaction as cDNA template, 1 unit Platinum® Taq DNA polymerase, 1× PCR buffer, 2 mM MgCl 2 , 0.2 mM dNTPs, and 0.2 μM primers. cDNA was denatured to 94°C for 5 min before using a 25 thermal cycle profile of 94°C for 45 s, 60°C for 45 s and 72°C for 90 s, followed by a final extension at 72°C for 10 min. This PCR reaction was reamplified in a second PCR reaction using 2 μl of the first PCR reaction as template for a further 30 cycles using the same thermal profile. Control reactions included no reverse transcriptase in the RT reaction (total RNA included) to preclude possible genomic contamination, and a no template control (total RNA omitted in RT reaction) to confirm the absence of cross contamination. A positive control DNA template was also included using previously cloned P2X 2 receptor cDNA (not shown) [17] . The resulting PCR cDNA products were extracted from agarose gel, purified using a QIAquick gel extraction kit (QIAGEN, New Zealand), and sequenced using a ABI 373A sequencer (Applied Biosystems). All products were obtained from Invitrogen, New Zealand unless stated otherwise.
Isolation of RM epithelial cells in situ
Cochleae were dissected in artificial perilymph solution. The bone (otic capsule) surrounding the cochlea was removed and the lateral wall peeled off to leave a sheet of RM attached to the spiral limbus. The spiral limbus was lifted off and removed from the central modiolus in three rough segments, approximating the apical, middle and basal turns.
Whole-cell voltage clamp
Spiral limbus segments with the sheets of attached RM were placed in a recording chamber on an upright microscope (Axioskop, Zeiss, Germany) and superfused with artificial perilymph solution. Cells were visualised using Normarski differential interference contrast optics and infrared video microscopy (Fig. 1a) . Recording pipettes (2-5 MΩ; filamented borosilicate glass, Harvard apparatus, UK) were filled with the following internal solution (mM): KCl, 150; MgCl 2 , 2; Na 2 HPO 4 , 8; NaH 2 PO 4 , 1; D-glucose, 3; CaCl 2 , 0.001; EGTA 0.5; pH 7.25 with KOH; osmolarity, 320 mOsm/l. Whole-cell patch clamp recordings were made in situ using a patch clamp amplifier (Axopatch 200B, Axon Instruments, USA) controlled by pClamp9.2 software and digitised with a Digidata 1322 series interface (Axon Instruments, USA). The holding potential in all cells was −60 mV. Voltage errors due to series resistance were either compensated 85 % online or corrected during analysis. ATP-gated inward current desensitisation kinetics were fitted with a single exponential function by iterative best fit procedures. Dose-response data were fitted with sigmoidal functions to provide EC 50 values (SigmaPlot 10). Data was analysed for normality using a Shapiro-Wilk normality test (OriginPro 7.5, OriginLab, USA). Data are presented as mean±S.E.M. Statistical significance was assessed using either analysis of variance (ANOVA; OriginPro 7.5, OriginLab, USA) or Student's t test where appropriate (P<0.05 significant).
Drugs and solutions
Adenosine 5′-triphosphate (ATP), and related analogues, 2-methylthioATP (2-meSATP; Calbiochem, USA), alpha, betamethylene ATP (α,β-meATP) and adenosine 5′-diphosphate (ADP) were applied by pressure pipette. The P2X-selective antagonist pyridoxal-phosphate-6-azophenyl-2′,4′-disulphonic acid (PPADS) was applied by bath superfusion. All experiments were performed at room temperature (20-25°C). Reagents were obtained from Sigma-Aldrich (New Zealand) unless stated. Drugs were prepared as aqueous stock solutions (stored at −20°C) and diluted to final concentrations in artificial perilymph solution.
Results
RT-PCR analysis of P2X 2 receptor expression in mouse RM and whole cochlea resulted in the detection of two different P2X 2 cDNA amplicons at 499 and 293 bp (Fig. 1b) . The 499-bp PCR product was the full-length P2X 2 (P2X 2-1 ; P2X2a; NM153400). The 293-bp PCR product was the P2X 2-2 (P2X2b; AB094664) splice variant previously detected in guinea pig and rat cochlea [15, 16, 22] with a 207-bp deletion in the C-terminal region. These results were confirmed by sequencing and alignment with the published mouse sequences. The specificity of these results were confirmed by the inclusion of multiple negative controls; omission of reverse transcriptase (−RT) and of the RNA template (not shown), excluding amplification of genomic DNA and contamination. Analysis of the comparative intensity between the full-length P2X2a and P2X2b agarose gel electrophoresis separated PCR bands amplified from RM cDNA showed a 65.9± 4.2 % (n=14; P<0.00001; Student's paired t test) reduced intensity for the P2X2b splice variant cDNA (293 bp compared to 499 bp; Fig. 1b) . A similar result was also seen for the PCR bands amplified from whole cochlea cDNA; P2X2b cDNA showed a 68.1±5.0 % (n=5; P<0.01; Student's paired t test) reduced intensity in comparison to the full-length P2X 2 cDNA. This suggests that the P2X2b transcript may be less abundant than the full-length P2X 2 transcript in both mouse RM and more broadly, within the whole mouse cochlea.
Whole-cell voltage clamp analysis was performed to functionally characterise the ATP-gated ion channels in RM epithelial cells of the mouse. Then, 100 μM ATP produced a rapid onset inward current in all RM epithelial cells that were tested, with an average peak current amplitude of −2.06± 0.17 nA (n=63; Figs. 1c, 3b) . The background conductance in the RM epithelial cells was typically linear and the cells had a resting membrane potential (V z ), determined by voltage ramp (−150 to +100 mV, 0.8 s), that averaged −0.51 ± 1.00 mV (n=188; Fig. 1d, f) . This is consistent with the predominance of voltage-insensitive stretch-activated nonselective cation channels and chloride channels which have been detected in guinea pig RM epithelial cells [23] . Series resistance related to pipette access was 5.3±0.1 MΩ, cell membrane capacitance (C m ) was 5.6±0.1 pF and average input resistance (R m ) was 423.4±37.2 MΩ, calculated from the current response to a −10 mV voltage step from a holding potential of −60 mV (equivalent to that reported in guinea pig [8] ). Fig. 1d displays voltage ramps (−150 to +100 mV, 0.8 s) before (1), during (2) and after (3) an ATP-induced current response, with Fig. 1f displaying details of the resulting current-voltage relationship. The ATP-induced current displayed pronounced inward rectification and had a reversal potential on average of −6.37 ± 1.09 mV (n = 18) (Fig. 1f) , reflecting the relative lack of cation selectivity. In comparison, the adjacent RM mesenchymal cells on the opposing surface facing scala vestibuli did not respond to ATP (100 μM; n = 5); consistent with the absence of P2X 2 immunolabelling reported for guinea pig mesenchymal cells [8] . The membrane properties of these mouse RM mesenchymal cells were V z −20.2±4.9 mV; C m 8.7±0.8 pF; R m 639.6± 209.1 MΩ; with outward rectification evident positive to ∼−30 mV in voltage ramps (data not shown).
P2rX2 −/− null mice were utilised as a control to characterise the underlying RM epithelial cell membrane conductance with ATP application (100 μM). No ATP-activated current response was detectable (n=17; Fig. 1e, f, inset) , as reported previously [7] . The ATP-gated current responses showed progressive desensitisation in the peak current response upon repeated applications of 100 μM ATP (Fig. 2a) . Recovery in the peak current response was demonstrated by increasing the interval between ATP applications. Comparable peak inward current responses were consistently obtained with short, 5-s pressure applications of ATP (100 μM) with 5-min washout in between (n=8; one-way ANOVA; Fig. 2b, c) . The initial ATP-induced current responses exhibited some desensitisation in the presence of ATP (Fig. 2b) ; the fraction of current remaining at the end of the ATP application was 68.9±6.8 % (n=8; ATP1 at 5 s; Fig. 2g ). Subsequent ATP-induced current responses delayed by 5 min to produce comparable peak inward currents desensitised significantly faster than the initial responses (Fig. 2b, c, g ). The fraction of current remaining at the end of these second 5-s ATP applications was 37.6±10.1 % (n=8; P<0.01; Student's paired t test). A more prolonged (20 s) application of ATP (100 μM) demonstrated significant desensitisation during the first ATP response, with only 16.9 ±2.2 % residual at the end of the ATP application (n=7; ATP1 20 s; Fig. 2d) . A second ATP-induced current response 5 min later showed very little recovery, with the average peak response only 27.3 ± 5.2 % of the initial response (n = 7; P<0.001; Student's paired t test; ATP2 20 s; Fig. 2d, f) . This was only a little above the 16.9±2.2 % residual current at the end of the first response (Fig. 2d) . However, when the second 20 s ATP-induced current response (2) was normalised to the first (1), it was found that the second current response consistently desensitised much faster in the presence of ATP (Fig. 2e) . The fraction of current remaining at the end of the second ATP application (ATP2 at 20 s) was 6.5±1.8 %, compared to 16.9±2.2 % from the first (ATP1 at 20 s; n=7; P < 0.01; Student's paired t test; Fig. 2g ). The rate of desensitisation was examined by fitting a single exponential decay function to the current record, as displayed in Fig. 2e  (dots) . Figure 2h displays the desensitisation time constants (tau) for each cell (paired data), along with the mean data. The average tau value for initial current responses to ATP (20 s) was 7.8±1.1 s (n=7; Fig. 2h ). This time constant was similar to that for guinea pig RM epithelial cells, which was 9.7±9.0 s [8] . The time constant for subsequent ATP responses, however, decreased by 64 % to 2.9±0.8 s (n=7; P<0.01 compared with the first response; Student's paired t test; Fig. 2h ), signifying faster desensitisation kinetics with successive applications of ATP. These results indicate that there are two aspects to the desensitisation of native homomeric P2X 2 receptors in RM epithelial cells: (1) duration-dependent desensitisation of consecutive peak current amplitudes and (2) desensitisation triggered by ATP, which is less dependent upon duration of application and affects the rate of desensitisation in subsequent applications.
The functional classification for P2 receptor subtypes is usually based on the potency of P2 receptor agonists such as α,β-meATP and 2meSATP (for review, see [24] ). These agonists were used at equimolar concentration (100 μM) to pharmacologically verify a P2X 2 receptor-like profile in RM epithelial cells. The ATP analogue 2meSATP (100 μM) elicited inward currents of −1.7±0.3 nA (n=7), which were not significantly different to 100 μM ATP (one-way ANOVA; Fig. 3a, b) ; 100 μM α,β-meATP (n=5), a potent P2X 1 and P2X 3 receptor agonist, and ADP (n=5), a P2Y/P2X 1 receptor agonist, did not generate detectable inward currents (Fig. 3a,  b) . Pre-incubation with the P2X receptor-selective antagonist PPADS for 5 min significantly inhibited initial ATP-induced currents by 75 % to 0.5±0.1 nA (n=6; P<0.01; Student's paired t test; Fig. 3c, d) . In control conditions, comparable peak inward current responses were obtained to consecutive ATP applications (Fig. 2b, c) . One property that differentiates P2X 2 receptors from all other homomeric P2X receptors is the ability of acidic pH to potentiate ATP-induced currents (for review, see [25] ). Here, we examined the sensitivity of the ATP-induced current responses in RM epithelial cells to changes in pH by obtaining dose-response relationships for ATP at pH 7.25 and 6.25. Dose-response curves for ATP at these two pH values were obtained from first responses only due to the observed desensitisation. The maximum current response at pH 6.25 was 2.19±0.39 nA with 30 μM ATP, and at pH 7.25 was 2.06±0.17 nA with 100 μM ATP. These maximum responses were not significantly different (P>0.05; one-way ANOVA). The data were normalised to the maximum currents evoked by ATP and fitted with sigmoidal dose-response curves to obtain EC 50 values of 27.4 and 9.7 μM for pH 7.25 and 6.25, respectively (Fig. 3e) . Acidification to pH 6.25 produced a leftward shift in the doseresponse curve, with the ATP responses at pH 6.25 being significantly greater than the responses at pH 7.25 for ATP concentrations 4 μM -30 μM (P<0.0001; two-way ANOVA). This pharmacological profile is consistent with P2X 2 receptor expression in RM epithelial cells.
Discussion
Here, we describe a native homomeric P2X 2 receptor expressed in the mouse cochlea which displays comparatively rapid desensitisation with unique properties.
Electrophysiological studies in P2X knockout mice have helped to assign the molecular composition of P2X receptors and their functional characterisation in native tissue [21] . In Fig. 2 Properties of the RM ATP-gated P2X 2 membrane conductance. a Repeated ATP (100 μM) applications progressively reduced the peak amplitude of the ATP-gated inward current, which recovered with increasing intervals between applications. Horizontal bars above responses indicate ATP application period. b 5 s ATP application activated fast inward currents that slowly desensitised in the presence of ATP (ATP1). Subsequent applications (ATP2) separated by 5-min activated comparable peak current responses but displayed significant desensitisation during ATP application. c Bar graph of the average response from b displaying comparable peak ATP-induced current responses (ATP1 and ATP2; n=8). Data represents mean±S.E.M. d More prolonged ATP applications (20 s; 1) evoked relatively fast desensitising ATP-induced current responses. A second ATP application (2) 5 min later displayed significantly reduced peak ATP-induced current responses; first current response (1) is superimposed on the second current response (2) . e Normalisation of the second current response from d to the first current response demonstrated significantly faster desensitisation in second ATP-induced current responses when compared to the first. f Bar graph of the average peak current responses from d (***P<0.001). g Bar graph of the fraction of current remaining at the end of consecutive 5 or 20 s ATP applications when compared to the peak response (**P<0.01; percentage %). h Scatter plot of desensitisation time (tau) constants for first (closed diamonds) and second (open diamonds) ATP applications (n=7). Paired data connected with lines. Average time constants±SEM were displayed on the right-hand side (**P<0.01) this study, absence of the P2X 2 receptor subunit completely eliminated all ATP-induced current responses in RM epithelial cells, demonstrating homomeric P2X 2 receptor functionality of the wild-type mice. A P2X 2 receptor-like pharmacological profile was obtained in wild-type RM epithelial cells in response to various P2 receptor agonists and antagonist, along with confirmation of the P2X 2 -specific sensitivity to changes in pH. The pharmacological profile of the mouse RM ATPinduced currents were comparable to those from guinea pig RM epithelial cells, except for the absence of a response to α, β-meATP as reported for the guinea pig [8] .
The high input resistance of the cells and the dominance of stretch-gated channels and chloride channels [8, 23] , in the absence of P2X 2 receptor activation, reflects the role of RM in maintaining the electrochemical division between endolymph and perilymph. Loud sound is known to elevate ATP in the cochlear fluids and to result in a K + shunt conductance through P2X receptors in the epithelial cells of this compartment. This reduces hearing sensitivity by a reduction in the endocochlear potential [5, 26] . Given the significant surface area of RM, this tissue has the potential to mediate a large proportion of the P2X receptor-mediated decline in the endocochlear potential [7] .
Traditionally, homomeric P2X 2 receptors characterised in heterologous expression systems exhibited only slow rates of desensitisation [1, 27] , unlike P2X 1 and P2X 3 receptor subunits, which desensitise within milliseconds [1, 27] . The majority of heterologous expression studies of P2X 2 receptors report none or slow (tens of seconds) desensitisation; however, it is evident that alternative splicing influences this, along with expression level, cell type and experimental conditions [1, 17, 27, 28] . A feature of this native mouse RM epithelial cell P2X 2 receptor was its desensitisation properties. These consisted of two aspects; the first is typical of other P2X receptor studies, where duration-dependent desensitisation of consecutive peak current amplitudes developed following repeated ATP applications (Fig. 2a) . A second form of desensitisation was triggered by ATP, which was less dependent upon duration of application and affected the rate of desensitisation in subsequent applications. Thus, consecutive applications of ATP in mouse RM epithelial cells triggered significantly faster desensitisation kinetics in subsequent ATP-induced current responses (Fig. 2) . The rate of desensitisation for initial ATP responses had a time constant of ∼8 s, which was generally comparable to guinea pig RM epithelial cells (∼10 s; [8] ) and guinea pig cochlear Deiters' cells (∼12 s [9] ). However, the second phase of ATP-induced desensitisation which occurs between ATP applications, was distinctly different in the current mouse RM epithelial cell study [8] . In the guinea pig study, repeated ATP applications produced a substantial increase in time constant for desensitisation (increasing from 10 to 23 s), whereas in the mouse RM cells, the opposite was evident (decreasing from 8 to 3 s). This second time constant is very fast for a confirmed homomeric P2X 2 receptor and even approaches the primary ATP response desensitisation time constant in rat primary auditory neurons of ∼2 s, where the ion channel was composed of a novel P2X 2-3 /P2X 3 heteromer [17] . The principal determinant for this key difference in secondary desensitisation between the guinea pig RM epithelial cell P2X 2 receptor and the mouse RM epithelial cell P2X 2 receptor is likely to be the P2X 2-2 (P2X2b) splice variant, which was absent in the guinea pig. This perhaps reflect different evolutionary strategies to arrive at a common functional outcome, suggesting an important biological function for the channel.
Studies have demonstrated that alternative splicing of the P2X 2 receptor subunit generates subunit isoforms that contribute faster desensitisation than the full-length P2X 2 receptor (P2X2a) [16, [28] [29] [30] [31] . As a result, the presence of splice variants were investigated in mouse RM epithelial cells. Here, RT-PCR analysis confirmed P2X 2 receptor mRNA transcript expression in Reissner's membrane epithelial cells for both the full-length P2X2a receptor and the splice variant P2X2b (P2X 2-2 ). This is in contrast to guinea pig RM epithelial cells which express the P2X2a mRNA transcript, but not the P2X2b isoform [8] . The P2X2b isoform lacks a series of C-terminal 69 amino acids and forms a functional homomeric ATP-gated channel which desensitises more rapidly than the full-length P2X2a isoform [15, 16, 29, 32] . This P2X2b splice variant and others has been detected in various guinea pig and rat cochlear tissues [15, 16, 22] . P2X2a and/or P2X2b expression have been detected in individual neonatal rat OHC [33] , which have previously been shown to form functional heteromultimers with an intermediary rate of desensitisation [32] . It is likely that mouse RM epithelial cells express a full-length P2X2a/ P2X2b heteromer as the desensitisation time constant reported here for initial ATPinduced responses approaches that of the P2X2b variant, with an even faster time constant detected for subsequent ATP-activated current responses.
The increased rate of desensitisation of the mouse RM epithelial cell ATP-activated inward current with repeated activation is likely to be mediated by intracellular signalling. Highly variable rates of desensitisation of P2X 2 receptor currents have been observed in Xenopus oocytes (time constant from 4 to 1000 s) and HEK293 cells (time constant from 4 to 40 s), with a reduction in variability around an ∼8 s time constant occurring when recording from outside-out patches pulled from oocytes, or alteration of an intracellular Cterminal region residue [34] . This indicated that intracellular components were required to maintain the channels in the slow desensitising form. Results here suggested that the P2X2b transcript may be less abundant than the full-length P2X2a transcript. It may be possible that repeated ATP applications in mouse RM epithelial cells changes the profile of the ATP-gated channels inserted in the membrane, with an increase in the proportion of faster desensitising P2X2b subunit within the P2X trimer. Expression studies using P2X-GFP reporter gene chimaeras indicate that the receptors are in dynamic flux within cells, and respond to agonist binding by changes in receptor clustering and receptor turnover [24, 35, 36] . Modification of phosphorylation sites in the amino and carboxy terminii has been shown to enhance desensitisation of P2X 2 receptors. P2X 2 receptor mutants with a disrupted intracellular N-terminal region PKC site display rapidly desensitising kinetics and were not potentiated by PKC activators, indicating that PKC phosphorylation can regulate the channel [37] . Modulators of other protein kinases have also been shown to affect P2X 2 receptor function [9, 38, 39] . Fujiwara and Kubo [40] demonstrated that phosphoinositide-3 kinase inhibition increased the rate of P2X 2 desensitisation by modulating phosphoinositide interaction with the P2X 2 Cterminal domain.
As noted above, the unusual kinetics of the channel appears to have high functional relevance. The desensitisation kinetics of the P2X 2 receptor could be one of the critical determinants for receptor responsiveness to repeating or continuous stimulations by ATP. Generating fast desensitising variants might limit P2X 2 receptor-mediated responses. This is of particular interest in the cochlea in terms of the ability of the ATP-activated cochlear partition conductance shunt being able to extend the dynamic range of hearing and to protect the cochlea from loud sound. Accumulation of ATP in the endolymphatic compartment arising from high level acoustic stimulation is likely to cause P2X 2 receptor-mediated desensitisation that slows the kinetics of the fall in the endocochlear potential and hence contributes to purinergic adaptation of sound transduction.
In summary, we have characterised the membrane conductance properties of mouse RM epithelial cell ATP-gated ion channels assembled from P2X 2 receptor subunits. This native homomeric P2X 2 receptor displayed comparatively fast desensitisation and exhibited a novel agonist-mediated increased rate of desensitisation. This likely reflects subunit complexity established by alternative splicing and contributes significantly to cochlear function.
